We present surface plasmon resonance-based sensor for arsenite [As(III)] detection using Di-iron trioxide hydrate -multi-walled carbon nanotube (Fe 2 H 2 O 4 -MWCNT) nanocomposite as a sensing layer. The enticing traits of Fe 2 H 2 O 4 -MWCNT having high surface to volume ratio and good affinity toward arsenic have proven to enhance As(III) absorption onto the sensing surface and consequently increase the sensitivity of the sensor. When tested with different concentrations of As(III) within the range of 0.2 ppb to 1 ppb, sensitivity value was obtained at 1.756°ppb −1 with Fe 2 H 2 O 4 -MWCNT thickness of 7 nm. The detection limit was achieved at 0.2 ppb which surpassed conventional methods and reported studies on SPR-based sensor for As detection.
Introduction
Heavy metal pollution has become a devastating environmental threat ever since the industrial revolution [1] . Its capability to induce toxicity even at low exposure has caused detrimental effects to all life forms, including humans. Among the commonly known destructive heavy metals include an element called Arsenic (As). In natural waters, As is mostly found in inorganic form as oxyanions of trivalent arsenite [As(III)] or pentavalent arsenate [As(V)] [2] . Despite having them in our environment naturally, both As(III) and As(V) oxidation states are carcinogenic to living cells with the former being fifty times more toxic. This is owing to its nature of inhibiting vital enzymatic processes and impair antioxidant metabolism which would ultimately lead to organ failures and deaths [3] - [5] . It has been recognized by the World Health Organization that the water sources of about 140 million people in 50 countries have been contaminated with As above the provisional guideline of 0.01 ppm [6] - [8] . On that note, it is undeniably crucial to have reliable and efficient monitoring systems for the detection of As in water sources to prevent long exposure of As.
Among viable diagnostic techniques that are available today, surface plasmon resonance (SPR) has attracted significant interests due to its sensitivity to detect elements at very low concentrations [9] . The core principle of the SPR phenomenon is triggered by the formation of plasmonic waves at the interface between a metal layer and a dielectric medium. For the detection of As ions in water, the prism-based SPR setup following the Kretchmann's configuration is normally employed [10] - [12] . A previous study reported to have achieved a detection limit of 5 ppb with gold (Au) as the metal and sensing layer [13] .
The sensing performance can be further enhanced by integrating nanomaterials onto the metal layer that can either enhance the affinity of the sensor towards the targeted analyte or increase the surface area to promote more interaction. For As affinity enhancement, a notable potential specifically for As detection are iron (Fe) based materials. Studies have shown ferric hydroxide [Fe(OH) 2 ] and ferric salts to have tremendous As absorbent qualities which boosted absorption efficiency by 5 to 10 times in As removal systems compared to conventional absorbents [14] . Such a quality is advantageous to As sensors as it would increase the capacity of As absorption and result to higher sensitivity and faster response time. This was shown in an SPR setup integrating polypyrrole-chitosan/cobalt ferrite as a sensing layer for As ions which managed to achieve a lower detection limit of 1 pbb [15] . For higher interaction surface, multi-walled carbon nanotubes (MWCNT) have played the part well in previous SPR setups for heavy metal detection [16] , [17] . This material is preferred due to its high surface-to-volume ratio and electrocatalytic nature. Based on a reported literature, MWCNT has been integrated in an SPR-based sensor to achieve a detection limit as low as 0.6 ppb [10] .
In this work, we present a prism-based SPR setup with the integration of di-iron trioxide hydrate-MWCNT (Fe 2 H 2 O 4 -MWCNT) nanocomposite as a sensing layer for the detection of As ions, a nanocomposite which, to the best knowledge of the authors, has not been used for As detection. The sensor is tested with different concentrations of As(III) within the range of 0.2 ppb to 1.0 ppb. It is expected that the addition of Fe 2 H 2 O 4 -MWCNT will increase the interaction site and affinity of the sensor that would result to better sensitivity and lower detection limit.
Experimental Details
1000 mg/mL of As(III) was prepared by dissolving 1.320 g of As 2 O 3 (Fisher Scientific) in 25 ml of 20% (w/v) sodium hydroxide, NaOH (Sigma Aldrich, USA). The pH value of As solution was adjusted to pH 3 using a pH meter (pB-10 Sartorius) following the method suggested in [18] , [19] . The pH electrode was calibrated with three pH buffers (pH 4.0, 7.0, and 10.0) daily. From stock solution, 0.1 ppb, 0.2 ppb, 0.4 ppb, 0.6 ppb, 0.8 ppb and 1 ppb of As(III) were prepared using systematic dilution [20] . These solutions were prepared daily and stored in a filled flask at 5°C.
In this experiment, MWCNT (Shenzhen Nano-technologies, China) was synthesized using methods reported in [21] with length and diameters of 5 to 15 μm and 20 to 40 nm, respectively. To synthesize Fe 2 H 2 O 4 -MWCNT, MWCNT was dispersed in 0.1 M sodium dodecylbenzensulfonate (Sigma Aldrich, USA) solution using the technique presented in [22] . The suspension was gathered and sonicated for 4 hours to enhance the disaggregation of any nanotube bundles. Then, 10 ml of MWCNT with 10 ml of Fe 2 H 2 O 4 (Strem Chemicals) were mixed and ultra-sonicated for 2 hours [23] . Once prepared, the solution was spray-coated on the Au-glass slide (Copens Scientific, Glaser) using airbrush technique [24] , [25] . To attain a homogenous distribution, the distance between the glass slide surface and the tip of the airbrush was maintained at a constant distance of 10-15 cm while the pressure and rate of air output were set at 21 PSI and 15 L/min, respectively. For the A prism-based SPR experimental setup following the Kretschmann configuration was chosen in this work (Figure 1 ). The prism with refractive index, n = 1.7786 was employed in the SPR setup. It was coupled to a glass cover slide of size 22 × 22 mm 2 (Copens Scientific, Glaser) through index matching oil. Before depositing gold, the glass cover slips were cleaned using acetone to remove off the dirt or fingerprint marks laid on the glass surface. The gold layer was then deposited using Emitech K575x Turbo Sputter Coater. The SPR measurement was carried out by measuring the reflected helium-neon (He-Ne) laser beam at 632.8 nm with output power of 1.5 mW. The laser output was intensity modulated through an optical chopper (New Focus 3501). The modulated laser would pass through a polarizer that permits a transversemagnetic mode to maximize the plasmon interaction at the interface between gold and sensing layers. The prism and gold-coated glass slide were placed on a rotational stage (SigmaKoki SP-60YAW) which was controlled by a stepper motor controller (Newport MM 3000) with turning resolution of 0.001°. The reflected beam from the prism was detected by a sensitive photodiode (Thorlabs, PDA100A) and then processed by a lock-in-amplifier (Stanford Research, SR 530).
The sensing performance of the sensor was assessed by introducing different concentrations of As(III) within the range of 0.1 ppb -1 ppb. In order to test the solution sample of As(III), a custommade cell was constructed. It was designed as an open-ended brass cylindrical cavity with O-ring seal attached to the glass cover slip to allow direct contact between the sample and the sensing layer. After measuring the SPR signal, the sample cell and sensing surface were rinsed with distilled (DI) water and left to dry for 10 minutes before continuing on to the next concentration. Selectivity of the sensor was also investigated by introducing mixtures of naturally occurring heavy metal ions with As(III) to the sensor and comparing the angle shifts with samples without As(III). Samples with As(III) were prepared by mixing 10 ppm of either Tin(II), Zn(II), Cr(II), or Mn(II) with only 100 ppb of As(III). To obtain the SPR angle, the sample solution was injected into the customized cell and it was left untampered for 10 minutes before reading was taken. From the SEM image, the deposition was observed to be inhomogeneous. This could be due to the non-symmetrical structure of the CNTs and its various chirality [26] . Deposited Au/Fe 2 H 2 O 4 -MWCNT was also characterized using X-ray photoelectron spectroscopy (XPS) analysis using XPS XSAM-HS (Kratos, UK) and compared to Au/MWCNT. The XPS scan was recorded in the energy range between 10 and 1100 eV. The wide scan spectrum is shown in Figure 3 (a) in which the photoelectron lines at binding energies of about 285, 533, and 711 eV were attributed to C1s, O1s, and Fe2p, respectively [27] . The 285 eV peaks correspond to the sp 2 hybridized carbon of the MWCNTs while 533 eV represents O1s in both MWCNT and Fe 2 H 2 O 4 . This correlates to the higher intensity of O1s exhibited in the Fe 2 H 2 O 4 -MWCNT spectrum due to the presence of more oxygen molecules compared to Au-MWCNT. A distinct difference between the two spectra however is the peak at 711 eV which represents Fe2p. The output spectrum taken for Au/MWCNT shows no significant peaks at the binding energy, while it is present for Fe 2 H 2 O 4 , as portrayed in Figure 3 
Results and Discussion

Characterization of Fe
Sensing Performance
Firstly, the refractive index of sensing layer was measured by fitting the experimental data using Matlab fitting program (matrix method). Both real and imaginary values of the layer's refractive indices were retrieved using Fresnel equations for a multilayer system with the thickness and refractive index of the Au layer at 48.3 nm and 0.2726 + 3.6975i, respectively. Based on the matching process between curve fitting and experimental results as shown in Figure 4 , the complex refractive index for Fe 2 H 2 O 4 -MWCNT was 1.550 + 0.019i. This matching process corresponds to the Fe 2 H 2 O 4 -MWCNT thickness of 7 nm.
The sensing performance of the SPR sensor with Au/Fe 2 H 2 O 4 -MWCNT was analyzed by introducing different concentrations of As(III) to the sensing layer. AFM images were taken before and after the introduction of As(III) onto the Au/Fe 2 H 2 O 4 -MWCNT sensing layer as shown in Figure  5[(a)-(b) ]. It can be observed that with the presence of As ions, the thickness and roughness of the surface layer increased, which was expected in correlation with the absorption of As(III). The thickness and roughness increased from 8.2 nm to 23.0 nm and 1.323 nm to 8.160 nm, respectively. These images prove that the interaction between As(III) and Au/Fe 2 H 2 O 4 -MWCNT sensing layer has changed the surface morphology. Figure 6 illustrates the SPR spectra obtained when different concentrations of As(III) were introduced to the sensor within the range of 0.2 ppb -1 ppb. A consistent red shift was observed as higher concentrations of As(III) were introduced. This was in correspondence to higher As ion retention onto the sensing layer which consequently increased the surface refractive index. The absorption mechanism of As(III) onto any sensing layer highly depends on the pH of the environment as it determines the surface charge of the sensing layer and the existing oxidation state of the heavy metal oxides in the sample. For Fe 2 H 2 O 4 -MWCNT under the studied pH (pH 3), it can be assumed that the surface charge was positive as the point of zero charge (PZC) of the sensing layer is at pH 7.35 [28] . The charge on the surface of the sensing layer was a result from the hydroxylation of Fe in aqueous solution that would lead to the binding of H+ ions in acidic conditions, or more accurately in pH conditions below PZC. The same pH condition would also contribute to the existence of As(III) in its molecular form (H 3 AsO 3 ) as the heavy metal would only be partially ionized at pH below 9.22 [28] . The following equations define the possible reactions between As(III) and the sensing layer [29] :
To analyze the sensitivity of Fe 2 H 2 O 4 -MWCNT sensing layer towards As(III), the detection limit and sensitivity value were calculated. Detection limit in this work is defined by the lowest concentration which the sensor can still distinguish from the baseline. In this case, the baseline was DI water. Figure 7 (a) shows the average angle shift taken after introducing each tested concentration within the range of 0.1 ppb to 10 ppb. The detection limit (LOD) for this sensor was found to be 0.2 ppb as any concentrations below 0.2 ppb was not detectable. The LOD obtained is a lower than given values by the Environmental Protection Agency (EPA) of the USA and of the European Union (EU) guidelines to determine trace metal concentrations [30] . Also, Fe 2 H 2 O 4 -MWCNT out-performed a number of recently reported SPR-based As sensor as well in terms of detection limit, as shown in Table 1 . As it is well-known that both Fe oxides and carbon have good As absorption capacities, it is also postulated that the large surface area, presence of pentagon-heptagon defect pairs, and unsaturated suspending bonds of MWCNT contributed significantly to the enhancement of Fe oxide loading onto the surface of the sensing layer. This in turn boosted the affinity of the sensor towards As(III) and increase its absorption onto the sensor [31] . From the graph, a consistent dynamic response was achieved from 0.2 ppb to 1 ppb. The sensitivity value of the sensor, on the other hand, was determined by deriving the gradient of the dynamic response region which has plotted in Figure 7 (b). The sensitivity value within the concentration range of 0.2 ppb to 1 ppb was obtained at 0.927°ppb −1 . Another important trait for a sensor is selectivity. This is to ensure that the sensor specifically detects the targeted analyte without being significantly affected by other elements. To determine the selectivity of the sensor towards As(III),the angle shift obtained when sensor was introduced with different combinations of naturally occurring heavy metal ions with As(III) at a ratio of 100:1 were compared with samples without As(III), as shown in Figure 8 . It can be noted that heavy metal ion mixtures with As(III) produced significantly larger angle shifts as compared to mixtures without As(III) despite the minute concentration of As(III) in the sample. However, the percentage of angle shift increment differs from each tested mixture. It is postulated that the presence of different elements may impose varied effects onto the surface charge of the sensor, thus affecting the rate of As(III) absorption onto the sensing layer.
Conclusion
The use of Fe 2 H 2 O 4 -MWCNT nanocomposite thin film as sensing layer in SPR was studied. The sensing performance of this nanocomposite towards As(III) and As(V) within the range of 0.2 ppb and 1 .0 ppb yielded sensitivity values of 1.756°ppb −1 and 0.575°ppb −1 , respectively. For both As ions, the sensor detection limit was 0.2 ppb. The results obtained show great potential in Fe 2 H 2 O 4 -MWCNT nanocomposite as a sensing layer for an SPR-based As sensor which may provide enhance the As monitoring systems we have today.
